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Chemical shift of hyperpolarized *?°Xe dissolved in liquid nitrogen
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We report NMR measurements of hyperpolarized xenon dissolved in liquid nitrogen. The dependence of the
12%e frequency shift on liquid nitrogen temperature was measured along the nitrogen saturated vapor curve
from 77 to 93 K. Plotted as a function of the liquid nitrogen density, the chemical shift of xenon is very well
described by a simple proportionality relation, with a slope of 0.2135ppm/amagat. The relationship
between the chemical shift and the longitudinal spin relaxation is considered in terms of the spin-rotation
interaction, and estimates of Xe relaxation time in liquid nitrogen are discussed.
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Over the past decade, considerable progress has begRift of 1*°Xe is found to be very nearly proportional to the
made in the area of optical pumpihgnd large-volume liquid nitrogen density. This shift is closely related to the
productior?® of hyperpolarized noble gases. High-resolutionspin-rotation interactioh’ which is thought to mediate the
3He images of human lungs have been repottedt the  longitudinal spin relaxation of2%Xe in liquid nitrogen.

quality of *?°e lung imaging is still limited by the com- In this experiment, xenon gas was polarized
paratively low (about 10%) nuclear spin polarization cur- with a prototype commercial systeitimodel 1GI.9800.Xe
rently achievable in pure xenon. polarizer, MITl) connected via a pair of nylon tubes

There have been a number of studies in recent §eérs to a glass cold finger, as shown in Fig. 1. The cold finger
focusing on the physics behind processes taking place in theas placed in a cryostat bore of a superconducting magnet
optical pumping cell, where high-power circularly polarized (Oxford Instruments The apparatus was first evacuated
laser light is absorbed by rubidium vapor atoms which therto 5x10 2 torr, then flushed and filled with pure
transfer spin polarization td??Xe nuclei. However, very (99.9995%) N, gas. The sample space was cooled down
little remains known about the physics taking place duringand maintained at 64 Kjust above the melting point of
the cryogenic separation of spin-polarized xenon from thenitrogen for half an hour, allowing at least 10 crof liquid
much larger quantities of buffer gases that are currently adnitrogen (LN,) to condense in the cold finger. The standard
mixed with xenon during optical pumpirfgDespite experi-
mental evidenckthat a small quantity of xenon preserves its A B
polarization throughout the freeze/thaw cycle in a sealed cell,
more than half of the nuclear polarization is currently lost
during cryogenic separation in high-volume xenon polariz-
ers. O

Given that nitrogen is a key component of the buffer gas

IN
mixture, it is important to understand the nature of spin re- I -
laxation in xenon-nitrogen mixtures, especially during buffer >
gas separation. Since a considerable amount of xenon gas C

dissolve® in liquid nitrogen at the cryogenic separation H
temperature of 77 K, it may be possible to gain insight into
the mechanisms of xenon relaxation in condensed nitrogen
by examining the relationship between the spin relaxation
rate and the chemical shift df°Xe nuclei!'*?Both of these
guantities can be measured directly with nuclear magnetic
resonanceNMR) spectroscopy, a powerful probe of spin
interactions between a nucleus and its local environrhent.

The first systematic NMR studies of pure xenon date back
to the 1960s*%°In the 1970s, C. J. Jameson, A. K. Jameson
and co-workers carried out a number of NMR measuremen
on xenon m'xed with Other gaSé%,"nCIUdmg a 1978 Stuoﬂg magnetic field. There circularly polarized laser light optically
of Xenon-nltrog.er.l-gas mlxtqres in the temperature range O;gumps Rb vapor that imparts some of its spin polarization to xenon.
220-380 K.Ab initio calculations of the'*Xe nuclear mag-  The gas mixture containing hyperpolarizétixe is then supplied
netic shielding in the Xe—Nsystem were reported by de via one of the two nylon tube€) to the glass cold finge(E), fitted
Dios and C. J. Jamesthin 1997. with shut-off valves(D). The cold finger is placed into the cryostat

Here we present NMR measurements of hyperpolarizeghsert(G), mounted inside a superconducting magf#®t The gas
xenon dissolved in liquid nitrogen. Over the temperaturepressure, monitored by the gaugé), can be adjusted using the
range of 77—93 K at a 1.435-T magnetic field, the chemicaheedle valve).

FIG. 1. Schematic diagram of the experimental setup. The

He—N,—Xe gas mixture supplied to the xenon polariz&) enters
e optical pumping cel(B), which is heated to 175°C ina 20 G
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129 Xe chemical shift Ao (ppm) relative to Xe gas at 0 atm solved in liquid nitrogen, taken a&=90 K. The motionally
300 250 200 150 100 50 0 narrowed peak is~25 Hz W.ide due to the homoggneity
L L L L L L L of the applied field. The relative peak frequency in Fig)2
N is 2.7 kHz, which corresponds to the NMR frequency
g 04- (@ l v=Fy+2.7 kHz, with F,=16.888 MHz. For comparison,
B oot a spectrum of pure xenon at its triple poii61.35 K, 0.81
& 034 atm) is shown in Fig. 20). NMR lines due to all three phases
= of xenon(left to right: solid, liquid, gasare clearly resolved.
= 02 Their chemical shiftgtop scalg¢ are approximately propor-
& () tional to density, consistent with the early measurements in
v 014 pure xenortH1®
g If attributed to xenon gas, the peak at 127 ppm in Fig.
0.0 A vt J\“’?L 2(a), roughly half-way between the gas and the liquid lines
Bt , o , , : : of Fig. 2(b), would imply a gas density of about 300
6 5 4 3 2 1 0 amagat£? inconsistent with the low pressures in this experi-
129 Xe NMR frequency (kHz) relative to F,=16.888 MHz ment. The only phase that can exhibit this motionally nar-

rowed 1?°Xe line at T<100 K is a solution of xenon in
FIG. 2. (a) Representativé*Xe NMR spectrum of hyperpolar-  |iquid nitrogen. This interpretation is consistent with our ob-
ized xenon d_issol_ved in _quuid nitrogen at 90 ¢) NMR spectrum  garvations of a second, much broader peak 3800 ppm at
of xenon at its triple poin(161.35 K, 0.81 atm where the three  hq enq of the experiment: when saturated, xenon precipitates
peaks(left to right) are due to the solid, liquid, and gaseous phases lid
of xenon. Zero on the bottom scale corresponds to the NMR fre-oUt as a solid. . . .
quencyFo=16.888 MHz. To convert the N.MR frequency into the chemical shift
Ao=(v—vg)lvy, it was necessary to measurg,, the
frequency of a reference substance, conventionally defined as
He—N,—Xe gas mixture {-1%Xe of natural isotopic com- pure xenon in the limit of zero density. We obtaineg in
position was then polarized and flowed through the coldtwo steps: First, the NMR frequency of**Xe in the
finger at a pressure of 4.5 atm. As the warm mixture bubblegie—N,—Xe gas mixture was monitored at room temperature
through the cold LB, the latter boiled off, rapidly increasing and 4.5 atm immediately before and after each cryogenic
the concentration of dissolved xenon. At some point enouglexperiment. From these room temperature data, a Soall
hyperpolarized xenon was dissolved to produce detectablghe order of 1 pprmand fairly reproducible magnetic field
NMR signals, with at least 5 chof LN, remaining in the drift in the superconducting magnet was interpolated as a
cold finger. Since LM was essentially in equilibrium with )N function of time, and the cryogenic NMR data were thus
gas, its pressure was a well-defined function of temperatureeferenced to the frequency of xenon in the gas mixture. The
(barring small corrections due to the dissolved Xehus the  error of this interpolation and the 1.5 ppm linewidth of the
liquid nitrogen temperaturé could be varied either by heat- NMR signals determined the error of the chemical shift mea-
ing the sample or by depressurizing the cold finger. Twosurements. Second, the frequency of xenon in the gas mix-
CernoxX™ thin-film resistors(model CX-1080-BG-HT, Lake ture at 4.5 atm was compared to the frequency of pure xenon
Shorg, immersed in the liquid sample 2 cm one above thegas (polarized and cryogenically separated in another cold
other, were used as temperature sensors. Occasionally, théiirger), measured at room temperature and 1.6 atm. Using
mal stratification in the liquid was observed, and a data pointhe known dependence of the chemical shift on density in
was discarded if the two sensors showed a temperature dipure xenort* it was found that the NMR frequency of xenon
ferenceAT>1 K. Although both sensors were calibrated toin the 4.5 atm gas mixture was equal, within errorsy{g.
+0.1 K, we usedAT as the temperature error for each This is consistent with expectations based on the known
NMR measurement. chemical shifts of xenon mixed with nitrog€nand other
A two-turn NMR surface coil was mounted around the gases® Other possible systematic errofsuch as thermal
cold finger in a region where the applied fielB, displacement of the coil relative to the magnet, presence of
=1.435 T was homogeneous to 1.5 parts per milljppm). paramagnetic contaminants that could cause temperature-
The coil was connected to an external resonant tank circuitlependent field shift and distortion, effects of the heater cur-
tuned to a frequency, close to the Larmor frequency of rent on the NMR frequency and line shape, or condensation
12%e nuclei. A simple homodyne NMR spectrometer sup-of paramagnetic liquid oxygen on the outer surface of the
plied short excitation pulses (550 us at Fy) to the coil  cold fingey were carefully examined and eliminated. The
and recorded the subsequent free induction de@@3) of  narrow NMR line of the dissolved xenon and the reproduc-
the 12%e nuclear magnetization by mixing the amplified sig- ibility of the chemical shifts over eight cryogenic cycles are
nal with the sin(2rFgt) and cos(zFqt) waveforms, applying good indications of the validity of our data.
a low-pass filter, and taking the Fourier transform. The ab- Figure 3 shows the chemical shific of dissolved?*Xe,
sorptive part of the resulting spectrum was plotted as a funcmeasured as a function of temperatiirgop scal¢. Neglect-
tion of frequency. ing the small corrections due to dissolved xenon, the density
Figure 2a) shows a typical NMR spectrum of xenon dis- py, of the liquid (bottom scalg was calculated using the
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=Aalpy, (the ratio of the chemical shift to the nitrogen denbity

FIG. 3. ¥2%e chemical shiftAc of xenon dissolved in liquid . o _
for xenon dissolved in liquid and gaseous nitrogen.

nitrogen measured as a function of temperatimenuniform top
scalg along the saturated pressure curve. The temperature of liqui
nitrogen was converted into densjrli)q2 (linear bottom scaleusing
Ref. 19. The solid line is a one-parameterXit-= kleZ, with the
fitting constantk; =(0.2135-0.0015) ppm/amagat.

‘ilhe challenges associated wilb initio calculations of in-
termolecular chemical shifts are well described in a review
by de Dios??

Relatively large chemical shiftAo of xenon, such as
plotted in Fig. 3, can be explained in terms of the spin-
published liquid-vapor equilibrium datapy,(T) for  rotation interactiot? between a*?*Xe nucleus and neighbor-
nitrogen®! The temperature range covered, 77-93 K, correing atoms. For gaseous xenon, Toffeshowed that
sponds to the equilibrium nitrogen vapor pressures of 1-4.5
atm. The solubility of xenon in liquid nitrogen is a strong _ E @< H,(w)>

3% o [’

function of temperature, which we approximate from pub-
lished experimental datéas whereH, (w) is the field induced at thé?*Xe nucleus by the
rotation of a Xe-Xe pair with angular velocity, and ug is

Ao

3

x(T)=exp< 3288 7615 K) +2%10°3 the Bohr magneton. The average denoted by. ) is taken
T over all configurations of the nearest neighbors.
(1) In a clean diamagnetic system of dilute spin-1/2 nuclei,
for 91<T<127.3 K, the longitudinal relaxation rate T{ at moderate magnetic

fields (0.2-10 T) is often attribute® to the spin-rotation
wherex=[Xe]/[Xe+N,] is the molar fraction of dissolved fi€ld H/(w). Using the rigid-sphere approximation, Torrey
xenon. Extrapolating Eq(1) to 77 K, we obtainx(77 K)  obtained for xenon gas:
=1.4x10 3, compared tox(93 K)=7.4x10 3. This is

2
why it was more difficult to obtain signal at lower tempera- i: E(ﬂ*) Ur (Ag)? (4)
tures. On the other hand, measurements around 93 K yielded Ty 407\ ug/ nRY, ’
good signals, but were limited to 4.5 atm by the estimated . .
mechanical strength of the glass. where e is the magnetic moment of th&°Xe nucleus,
All of the data in Fig. 3 are well described by the one-vr=(8KT/mm,)*? is the mean relative velocity of a Xe-Xe
parameter fith o=kypy, (solid line), with pair, m; is its reduced masR,,=3.32 A is the effective

rigid sphere diameter, andis the number density of atoms.
Equation (4) was modified by Oppenheirat al?* for the

k;=(0.2135-0.0015 ppm/amagat. (@ case of liquid xenon:

2
dR, (5)

this constant for xenon dissolved in liquidresent workand T.” 3 7
gaseous nitrogéhto the results of recerab initio calcula- !

tions for the Xe—N systemt® The calculations seem to re- whereD is the diffusion coefficient of xenon in the liquid
produce the gaseous data qualitativelgte the minimum in  andg(R) is the radial density distribution function, normal-
k, at 250 K, which occurs at 300 K in the calculatipmal-  ized tog(«)=1. The ternH,(w)/» depends o and is the
though good quantitative agreement has yet to be achievedame as in Eq(3). The measurements in pure xenon liquid

Figure 4 compares the experimentally measured values of 1 12877(,u><e)2 Df% (R)(Hr(w)
0 w
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by Saueet al,?® who obtainedr;~0.5 hat T=165 K,are much shorter than that predicted by E5), since changes in

in fairly good agreement with Eq5). Assuming the quanti- Xe concentration during the experiment can lead to a disap-
tiesn, D, andg(R) are comparable for liquid xenon at 165 pearance of Xe NMR signal. Currently, it is not possible to
K and for a Xe—N solution at~90 K, theAo data in Fig.  distinguish between'?®Xe relaxation and variations in Xe
2(a,b)h would imply for the Xe—N system a value off;  concentration in our relatively low-field apparatus.

~2 hours.

In practice, we could not observe any NMR signals of We thank Bastiaan Driehuys for many helpful discussions
dissolved xenon several minutes after the gas flow from th@nd for the loan of the superconducting magnet system. We
polarizer was stopped. As a cross-check, we polarized also thank Michael Souza for his help with the cold finger
batch of pure xenon liquid in our apparatus, and obtained design and Jacob Goldston for participation in setting up the
T, value of~18 min, in line with Sauer’s dat® However, ~ apparatus. This work was supported by the U.S. Air Force
we cannot conclude that tAg of xenon in liquid nitrogen is  Office of Scientific Research.
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